Abstract-The characteristics of reflection and transmission peaks in the spectra of photonic crystals have been studied theoretically and the results compared to measurements performed in fabricated samples. The aim of this work is to investigate the relation between material losses and the effective Q factors that can be obtained in photonic crystals made with it. Photonic crystals have been designed with defects of periodicity to introduce states in the band gap that give place to reflectance and transmittance peaks at adjustable specific wavelengths. The fabricated structures are described together with their reflection and transmission spectra. The influence of losses in the material in these spectra is evaluated.
I. INTRODUCTION Photonic crystals (PhC) are attracting a growing interest for a wide variety of applications, especially for communications, signal processing and sensing [1, 2] . For many of these applications it is often necessary the existence of one or several resonance peaks of high Q factor, or very abrupt transition band filters.
Photonic crystals show great potential for these applications thanks to the ability to create forbidden bands for light propagation through the crystal. Furthermore, geometry can be adapted and tuned to place these gaps in precise frequency margins. The design includes the possibility of introducing defects such as to create resonating states embedded in the bandgaps, which can be similarly tuned to the desired wavelengths. The overall quality of these devices depends on an accurate geometrical definition of the crystal, and an adequate choice of materials.
Macroporous silicon is a material produced from silicon crystal wafers that allow the parallel fabrication of many identically shaped objects with nanometric precision. The technique used to create the pores in the bulk material is the elecrochemical etching method, which is done with hydrofluoric acid. This method allows the production of macroporous silicon scalable to large areas. This characteristic makes the electrochemical etching an economically attractive method. The resulting macroporous silicon presents high integrability, high mechanical and optical stability and it is compatible with VLSI fabrication technology.
The porous structures obtained are of interest for photonic applications in different fields, i.e optoelectronics, microphotonics, sensorics, etc. A particular case of macroporous structure are PhC fot their use in sensors or light signal processors [3, 4] . Absorption has a key role in the achievable performance of these devices. The influence of losses in the material of photonic crystals is an issue that is attracting the attention of the research groups involved in this subject [5] . Nevertheless this subject requires more investigation in order to improve the functionality of the devices based on macroporous silicon PhC.
In this paper we analyze the effect that absorption losses in the material have in the resonant peaks and dips in the transmitted and reflected signal and their respective Q factors. The goal is to deduce guidelines for determining the maximum value of losses that can be allowed for a macroporous silicon structure in a specific device.
There are several mechanisms that affect the optical losses of photonic crystal devices. In one hand intrinsic losses are due to the material absorption. This material absorption generally is a complex function with strong frequency dependence. Nevertheless there are spectral regions where it can be approximated by a constant imaginary value for the refraction index of the material. Such approximation is obviously only valid in a restricted frequency range, but allows to make some assessments of the material influence in the photonic response.
For macroporous silicon the main material absorption factor is due to free carriers in the doped silicon wafer. Nevertheless, as the doping levels used for macroporous silicon are relatively low, it can be predicted that its influence should be relatively small. Furthermore, intrinsic silicon is mostly transparent for Infrared light--broadly, in the 1 micron to 20 microns range,--but some absorption peaks are present.
On the other hand, an important factor for optical losses is light scattering. There exist several causes for scattering losses, particularly related with structural imperfections. Nevertheless, it is possible to model the total loss as a simple single absorption value.
II. FABRICATION OF MACROPOROUS SILICON
Macroporous silicon photonic crystal samples have been fabricated by electrochemical etching techniques [6] . The fabrication details have been published elsewhere [7] [8] . This method allows us to create ordered arrays of pores with very high aspect ratios and with a precise control over the pores' diameter in depth -see fig.1 -. Fig. 1 . Profiles made by MNT group for gas sensors applications.
The process starts with the lithographic definition of the placement of the pores. It consists in opening in a silicon oxide etch windows through which shallow dips in the silicon wafer surface are etched. These dips constitute the seeding points from which pores will grow. In this work have been used square configurations of inverted pyramids with pitches of 4 μm, 2 μm and 0.7 μm. The electrochemical dissolution of silicon in HF requires holes which are minority carriers in ntype silicon. Controlling the hole current, it is possible to modulate the pore growth, i.e. pore diameter. This current is photogenerated by backside illumination of the sample with an IR source. Hole current concentrates preferentially on the pore tips (and pyramid tips) giving place to the growth in depth of the pores. In this way, the diameter of pores and their depth are related to the instantaneous current flowing through the wafer and the current is in turn controlled by the intensity of the back-side illumination. Using this mechanism we could fabricate samples with pores whose diameter alternate in-depth between narrow and wide diameter regions.
Taking advantage of the capability to modulate the pores, periodic 3-d structures can be made by applying a sinusoidal pore depth profile, depicted in fig. 2 . Furthermore, it is possible to introduce defects in this regular profile, like for instance, maintaining a constant diameter for a period, as can be seen in fig. 2b .
III. NUMERICAL STUDY
Reflection and transmission spectra of the considered Photonic Crystals have been simulated by the FDTD technique using Optiwave's OptiFDTD software package. Thanks to its graphical interface, a close approximation of the profile of one pore, of the samples fabricated in laboratory. has been simulated -see fig. 2a -. Adequate boundary conditions were introduced to approximate the periodicity of the fabricated macroporous silicon PhC structure. 0,04 For simulations, input signals consisting in gaussian pulses of light are used as excitation. Two detectors to sense the reflected and propagated part of the pulse are also defined. The propagation of the light pulses in the crystals was simulated in stationary regime and reflection and transmission spectra were obtained. Fig. 2 . Comparison between the simulation (up) and the experimental (down) profiles without and with defects -a) and b) respectively-.
Using the plane wave expansion (PWE) Band Solver tool provided by OptiFDTD, its bandgap is calculated. Next, a defect in our PhC, consistent on disabling one of the periodicities of the porous, is introduced - fig. 2b -. This defect creates a reflection peak -and transmission dip-which is the object of our study. Results obtained in the initial simulation -without absorption in the process-match with the experimental results in [8, 9] where we fabricated an optical filter based on 4 μm pitch macroporous silicon PhC for gas detection.
Systematic analysis consisting in simulations varying absorption coefficients was carried out and the values of the peak and the dip were recorded and plotted to show the way they diminished their amplitude as the extinction factor was increased-see fig. 3 -.
The effect of absorption in the peak and the dip amplitude and in the Q-factor is shown in fig. 4 . 
IV. RESULTS
From the numerical study it can be seen that a decrease of the whole spectrum is produced in both, reflection and transmission as the absorption increases. It can be also appreciated that transmission suffers a higher reduction with respect to the case without losses -see for instance the difference between 'no loss' values and 'loss=0.04' values in fig.  3 -. This fact can be explained because the light travels a longer path before it arrives to the transmission receptor than to the reflection one. This long path is also the reason why the amplitude of the transmission peak decreases following an exponential function of the extinction coefficient. Otherwise, in the reflection receptor we observe that the relationship between the k-factor and the amplitude of the dip is practically linearsee fig. 4 -.
Concerning the Q-factor, in both, reflection and transmission, it exists a fairly linear relationship between Q value and the extinction coefficient. In the simulations performed in this work, reflected signals present higher Qfactors. It is also noticeable that, peaks and dips have almost the same width in spite of the decreasing height.
V. CONCLUSIONS
The effect of material loses in the equivalent Q factor of reflection and transmission peaks, or dips, of the spectral response of photonic crystals has been investigated. Macroporous silicon photonic crystals have been fabricated and characterized. Measured spectral responses have been used to extract the effective losses in the photonic crystals. The position of the spectral peaks as well as the extension of the forbidden band is well predicted by simulations. The height and Q factors obtained in simulations can be fairly predicted assuming a given value of material absorption. These results are useful to design photonic crystals in order to maximize the selectivity in wavelength of the devices fabricated with them.
